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better tools for women

BETTER TOOLS FOR WOMEN:
Serving Local Gynecologic Cancer Patients

Caitlin Crowley (Mechanical Engineering, Bio-Mechanical Engineering Certificate)
STUDENT AUTHOR BIO SKETCH
Caitlin Crowley is a 2022 mechanical engineering graduate of Purdue University Fort Wayne where she studied bio
mechanical engineering. She completed cooperative education rotations in product design and development with Procter &
Gamble and Zimmer Biomet starting in 2019. She gained experience in design of medical devices, consumer goods, and
plastic products. Caitlin was active on campus through engineering outreach events for women and girls. After graduation
she continued in research and design for consumer–packaged goods.
INTRODUCTION
Hands-on real-world experience has been a highlight of
my mechanical engineering journey at Purdue University Fort Wayne. Cooperative education and internships
composed several semesters of my career. I needed to
complete a research project to complete my Bio-
Mechanical Engineering Certificate. I was ecstatic
when a representative of the Parkview Cancer Institute
approached the engineering department at Purdue
University Fort Wayne. They sought a product to help
gynecologic cancer patients conduct self-examinations.
Patients would benefit from monitoring and tracking at
home, outside of the hospital setting. But access to
devices that can assist with monitoring and tracking
can be problematic due to cost and lack of
functionality.
I had worked with medical devices in the past and was
immediately drawn to this project because of the bio
medical focus and the ability to help the community. I was
introduced to product development at Zimmer Biomet
(ZB). While working with the Upper Extremity Team,
I wrote design specifications for shoulder implant systems.
6

My work experience allowed me to progress through
assignments of increasing responsibility and technical
challenge. At Zimmer, I worked with products that were
in production, but at Procter & Gamble (P&G), I began
new product design—designing a variety of components
in plastics and sustainable materials. I became familiar
with a range of testing and review procedures on the Knee
Team at ZB and developed and oversaw new testing at
P&G. This proposed project allowed me to combine my
experience to serve the community with a new aid device,
while fulfilling the research requirement that is part of the
Bio-Mechanical certificate.
Oncologic patients undergo surgery and treatment, which
requires monitoring to track progression. The ability of
patients to complete postsurgery checks at home is a
high priority for the medical team. An illuminated
commercial mirror that is held between the thighs to
view anatomy is available to assist with monitoring;
however, the mirror has not been used due to the high
cost (approximately $100). While insurance or Medicare
will at least partially reimburse patients in need of
wellness and preventive devices like blood pressure
cuffs, pelvic self-examination mirrors are not regulated
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as medical devices and are not reimbursable. Securing
product reimbursement by health care payers is a process
widely described as complicated and lengthy. Therefore,
a goal of this project is to keep the production costs low,
as future reimbursement is not expected.
Studies show women benefit from access to a mirror
during pelvic exams in and out of clinical settings.
Women ages 18–80 experience a decreased degree of
vulnerability and discomfort when a mirror is used during
pelvic examination performed by a physician. Physicians
see initial apprehension of patients to view the mirror, but
patient curiosity and relaxation grow after holding the
mirror. For out-of-clinic use, medical providers often
suggest the purchase of a mirror from online discount
retailers, or even auto parts stores, because no fully
appropriate mirrors are available. Physicians who direct
use of a mirror over the phone to determine the necessity
of an office visit see some patients begin to want to
complete their own exams (Castrone Scripps Howard,
1994; Pauls, 2019; Wysocki, 2015).
Based on the information communicated by the health
care providers and a review of currently available
devices, there exists a need for an inexpensive mirror that
can be used for internal and external pelvic examinations,
monitoring skin changes, and postsurgery checks.
How can success be evaluated for all these cases? A
criterion must be established to evaluate the effectiveness of the device for a variety of cases.
One task a user may be asked to perform is measuring the
growth of a tumor with a ruler. It can be assumed that if
the device shows improved performance of tumor
measurement compared to existing devices, then device
performance in general pelvic use will also surpass that of
competing products. The primary objective of the research
described in this article is to evaluate the device’s impact
on measurement accuracy. The impact of the device on
measurement accuracy is an important factor that influences and guides product design and development.
DESCRIPTION
Product design often follows the waterfall development
method, a bottom-up sequential design process where
each step builds on the previous step. Figure 1 shows the
key steps in the waterfall development method. This is a
common process for medical and other highly regulated
and reviewed products, as it ensures that the final device
satisfies user needs. Where a top-down method might
begin with an existing product or a mockup of a mirror,

Figure 1. Waterfall development method used to design the
mirror.

the approach taken in this study began by answering
these questions: Who needs a pelvic examination? How
will users benefit from the exam? What are weaknesses
in existing support systems? The answers to those
questions define user needs, which are used to build
measurable specifications, that is, design inputs. Next,
the design process begins with brainstorming, sketches,
and solid modeling on the computer. The results of the
design process are documented as design outputs,
measurable quantifiable documentation and metrics of
the device. For example, it can be verified that the device
meets size requirements by reviewing the width dimension on a print. It can then be validated that the device is
usable by physically testing the mirror with a subject.
Beyond the verification and validation reviews, each step
is reviewed as shown in Figure 1.
The design process begins by identifying users and user
needs. The hospital sees patients ranging in height,
weight, and age. Ten women per week in the clinic are
expected to receive and benefit from a self-examination
device. In addition, regular wellness checks are recommended for all women: young girls, adults, and the
elderly. Elderly women or women undergoing medical
treatment might have physical limitations such as
reduced flexibility, strength, and endurance, as well as
deteriorating eyesight. To accommodate the largest
population, the design should consider device size,
weight, and magnification, as well as facilitate simple
functionality. Specifically, the device:
•
•

needs multiple size options or be adaptable to fit a
variety of users;
needs to allow for hands-free operation—the
patient needs two hands to manipulate skin
reflective essay 7
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•
•

or obtain measurements with a ruler while
completing monitoring and postsurgery checks;
needs to be cleanable for multiple uses; and
needs to be usable by elderly patients or patients
with reduced flexibility, strength, endurance, as
well as deteriorating eyesight.

Next, user needs are quantified by researching existing
products and studies to set measurable design
specifications.
A pelvic exam requires at least one hand for use in
examination while the second hand may be required to
operate a speculum. Initial conceptualization places the
device between the thighs. Elderly patients have
decreased muscle strength to hold the mirror by hip
adduction (pushing thighs together). The device must be
light enough for any user to support. Evaluation of skin
properties and muscle strength requires that the device
must weigh 9.1 kg or less (Gafner et al., 2017; Zhang &
Mak, 1999).
The pelvic exam evaluates external and internal anatomy.
Several studies have cited the poor research and lack of
absolute standards of female anatomical measurements.
The mirror must fit the viewed anatomy in frame. Study
of existing reports and magnetic resonance imaging
requires that the device must present an anatomical area
of at least 34 × 34 mm when viewing internal anatomy
and at least 120 × 62 mm when used for an external view
(Barnhart et al., 2006; Bull, 1949).
Regular checkups and screenings with a physician are
required to ensure gynecological health. There are
usually no signs or symptoms of early cervical cancer.
For reference, stage IA1 and IA2 cervical cancer can
only be seen under a microscope (Physician Data Query
[PDQ], 2022). A mirror is incapable of detecting or
preventing cervical disease. Mirror optics cause a 1X flat
mirror to make objects appear distant. A user with stage
IA vulvar cancer would have tumors 2 mm or smaller,
while stage III tumors may have reached 5 mm or larger.
The mirror should allow users to see small changes in
anatomy by utilizing magnification.
Angle adjustment of the device may be needed after
initial placement. The user will precisely angle the
device until the area of interest is in focus and to the
scale desired. Precision grip is a two-finger grip using
the thumb and index finger. An optimal two-finger width
is near 50 mm for maximum grip force (Domalain,
2008). The device must have a section 50 mm or less
in depth for precision adjustment.
8

Pelvic examination in physicians’ offices is completed
under bright overhead lighting to fully visualize anatomy. User feedback of existing products suggests device
lighting is required. Previous research finds 300–700 lux
is required for reading (Ram & Bhardwaj, 2018), which
is a similar detail-oriented task.
The design process of an innovative device on a short
timeline is simultaneous with testing. The design can be
tested with a proof-of-concept. While there is not initially
a testable prototype, a user can be given a substitute for
the final product. Early observation of subjects reveals
that optimum mirror placement varied from existing
products. Users placed the hands-free mirror below their
thighs at an angle close to parallel to the outer pelvis.
Measurement accuracy is used to evaluate device
performance. Measurement accuracy is established by
comparing the difference between user measurements of
simulated lesions with a ruler against their actual dimension. Simple shapes ensure the user knows the required
points of measurement, testing only the user’s ability to
accurately measure lesions and not identification.
Cylindrical extrusions and cuts were made on flexible
120 × 62 × 1 mm plates, shown in Figure 2, which were
worn over the clothes to simulate lesions on the vulva.
Four plates contain 10 shapes of various sizes at different distances from each other. In this study, the subject is
asked to measure 10 diameters and 4 distances.
The samples are designed using computer software. The
parts have perfect dimensions while they exist on a
computer. In real life, error is introduced when translating the samples from the computer to existence. The
dimensions are specified in the solid part file. The part
must be discretized to make a print-ready part as shown
in Figure 3. Samples are printed with PLA on a Prusa
Mini 3D printer. Printing introduces layers, print lines,
and textures. The accuracy of the prints is evaluated to
confirm they printed as intended. The average of three
caliper measurements is compared against the intended
part dimension. Measurements show that the 3D printed
forms can serve as gauges because their tolerance does
not exceed the Gagemaker’s Rule, or the 10% rule. The
prints may vary ±0.03 mm but this will not impair users
from reporting measurements to the nearest half
millimeter.
The user was provided a commercially available
hand-held flat mirror (1X magnification) or a curved
hands-free mirror (7X magnification) and a clear
flexible 30 cm ruler with millimeter increments.
Subjects are told a shape identification number and
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Figure 2. Flexible 120 mm x 62 mm samples that represent the anatomy of interest with numbered lesions for measurement.

a. Solid model file

b. Print ready file

c. Physical sample

Figure 3. Sample progression from file to physical (close-up view).

asked to provide the cylinder’s diameter or the maximum distance across the shape. The tester sat nearby,
but not directly observing or pointing out shapes to
provide a level of privacy. The subject was not given
feedback on incorrect answers. Outcome measures
compare the difference between user measurement and
the part dimension to evaluate accuracy. All trials are
completed with colleagues. Average absolute error and
standard deviation are determined.
INITIAL PERFORMANCE
Multiple measurements (n = 98) by two users have been
completed. The results of this study indicate that measurement error is reduced by 46.4% when using a curved

mirror. The use of a curved mirror as opposed to a flat
mirror results in improvements in measurement accuracy
for both lesion types (protrusion and laceration). All
qualitative variables saw improvement while using a
curved mirror.
Lower accuracy was seen in point-to-point measurements using both mirror types. Limited sampling
amplifies the effect of outlier values. User 1 measured a
distance incorrectly by 5 mm. This may have been due
to a shift in the ruler or incorrect ruler use—no such
errors were seen when the user had magnification. This
sample causes the increase in error seen in Figure 4.
The use of a curved mirror reduces measurement
mistakes.
reflective essay 9
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Users more often undermeasure with both mirrors. Users
undermeasured 39% of the time while using a curved
mirror (n = 56) and only exaggerated lesion size in 14%
of samples. Users with a flat mirror (n = 42) underevaluated 50% of samples, almost the same as measured
correctly (n = 20). This learning is relevant for health
care professionals to properly interpret results provided
by patients. It is possible that a lesion is 0.5–1mm larger
than reported by a patient. Training and review should be
completed between patient and practitioner to ensure
proper handling.
Figure 4. Comparison of overall measurement error when
using a curved mirror and a flat mirror. Error is reduced by
46.6% when using a curved mirror.
Table 1. Absolute Error, Average (Standard Deviation),
of Simulated Lesion Measurements Taken with a Ruler
by Two Users
Absolute Error (mm)
Flat Mirror
Diameter

0.39

(0.51)

Curved Mirror
0.31

(0.29)

Point-to-Point

0.99

(1.40)

0.26

(0.37)

Protrusions

0.51

(0.50)

0.29

(0.30)

Lacerations

0.66

(1.33)

0.32

(0.32)

All Measurements

0.56

(0.88)

0.30

(0.31)

Figure 5. Comparison of measurement error for diameter and
point-to-point measurements when using a curved mirror and a
flat mirror.

Curved mirrors show less improvement over flat mirrors
when considering only diameter. Evaluating simple
diameter measurements (Table 1) excludes major outlier
values. The difference in point-to-point accuracy is near a
factor of four, as shown in Figure 5. Point-to-point tests
require additional user interpretation because shape centers
are not explicitly delineated. Patients face the challenge of
border identification in measuring real-life tumors with
nongeometric edges. Point-to-point results may more
accurately represent the variation expected in final oncologic use, but limiting development testing to diameter
may provide a better one-to-one product comparison.
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Both test subjects showed small improvement in accuracy over a period of 30–40 measurements, thus it may
be beneficial to utilize sample lesions for training
purposes. The patient can be tested using the method
above and provided feedback on the accuracy of
answers. The patient can identify whether they tend to
over-or undermeasure.
The test subjects’ operation of the hands-free mirror
suggests that a prototype that rests behind, not between
the thighs is preferred. One test subject said they did not
believe women would have the endurance to grip a
mirror with their legs while completing other tasks. A
circular magnified mirror is used to collect the sample
data. The magnification aided use and fit all anatomy in
frame but enabled viewing of unnecessary leg area. An
elliptical 7X mirror provides the necessary magnification
and optimizes the area presented.
Error reduction of 46% with a curved mirror is a significant improvement over a flat mirror. Current prototypes
were made using a $2 box, $3 of 3D filament, and a
mirror. Thermoforming or injection molding of a complete frame would not be cost prohibitive. The results
show a better tool can be affordable and help women
make measurements that are more accurate during
self-examination.
COMMUNITY IMPACT
The hospital and community received engineering
design and product development for a custom device
without providing any financial support. The product
was presented at the 25th Annual Student Research and
Creative Endeavor Symposium at PFW.
It can be expected that a hospital will be under closer
review by federal organizations to protect patients. A
variety of mirrors are marketed to women for pelvic
viewing. Mirrors are sold with pelvic exam kits, diaphragm sizing kits, and for female catheter insertion. The
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Nyssa VieVission Between the Legs Mirror is sold for
the most similar use as the client’s mirror and is not a
medical device. Initial client goals for the device to be a
prevention tool could cause regulatory issues. Devices
for use in health care are highly regulated by the FDA.
Determination of medical device classification relies
heavily on the definition of a medical device and regulation of similar products. Per Section 201(h) of the Food,
Drug, and Cosmetic Act a device intended to prevent or
diagnose disease is a medical device. A mirror that
enables a patient to determine if a lesion is cancer, or
identify early signs of cancer, is a medical device. The
responsibilities of the medical professional must not be
put on the patient using the device. This guidance was
provided to the client. Furthermore, specific uses prescribed ensure undue burden is not placed on the patient
and the mirror remains a nonmedical device.

Table 2. Medical and Nonmedical Use of Mirror in Pelvic
Examination

A patient familiar with their body can identify changes to
be brought to the attention of a medical professional. The
user can use this simple device without the direction of a
health care professional. This device does not assist the
patient in determining when they should contact their
health care provider. For example, a daily self-
examination device used to assist patients in determining
when they should contact their health care provider
regarding any skin changes seen by a mirror is the Foot
Examination Tool for Inflammatory Changes, which
includes a thermal diagnostic liquid crystal pad in
addition to the 2X convex mirror and is FDA regulated
(U.S. Food and Drug Administration, 2022).

mirror could be used by either gender in perineal or
genital exams.

If the mirror did move forward as a medical device, my
identification of an existing product would enable use of
a 510(k) exempt pathway. New or novel medical devices
require a De Novo Classification Request with a standard fee of $112,457 (U.S. Food & Drug Administration,
2021). Identifying a similar existing product enables use
of the 510(k) exempt pathway and a $12,745 standard
fee, thus achieving a reduction in potential application
fees by 88.7–97.2%.
The partner impact extends beyond this project. Students
pursuing the Bio-Mechanical Engineering Certificate at
Purdue University Fort Wayne will continue to need
research projects. The school regularly maintains relationships with community partners. Next semester, students
could manufacture and test final prototypes of the self-
examination device or begin work on a new project.
The learnings from this project can be leveraged to help
a wider base. The mirror was designed for use by
women, but a pelvic mirror can be used by men. The

Nonmedical Use

Medical Use

• Use a mirror to measure
lesion size with a ruler.

• Diagnose or prevent a
medical condition.

• Build a better
understanding of the body
with mirror pelvic exam.

• Examine to find possible
signs of sexually
transmitted infections.

• Enhance knowledge of
what is normal through a
wellness check and note
any changes that may
need medical attention.

• Examine to find possible
signs of ovarian cysts,
uterine fibroids, or early-
stage cancer to prevent
disease.

• Aid insertion of medical
or nonmedical devices by
viewing area with a mirror.

STUDENT IMPACT
This project gave me the opportunity to apply my school
and internship experience to a real-world final project.
While I had two years of development experience, I had
never been on the project management side of things. As
this was a new and unique project, I had to identify all of
the project objectives and set deadlines for the semester.
Gaining experience in project management as part of
academic activity is beneficial to future team-leading
responsibility in a work environment. The project also
revealed real-world challenges, such as financial and
regulatory issues, which are not tangible in traditional
course activity.
Applying the research to iteratively creating and testing
a final product enabled me to present my learnings from
school and cooperative education in one place. I have
shown that I can create a solution to a problem with a
successful prototype in three months. This project is the
capstone to my efforts in biomechanical engineering.
Operating without funding was largely not a challenge.
In fact, early development should seek to minimize cost
until a direction is identified. Components of the final
device may be cost prohibitive. I had to purchase a $40
vanity mirror to obtain a 7X elliptical mirror. Many bulk
purchase curved glass and acrylic mirrors are listed for
$10–$30 and are smaller than desired. The sponsor had
originally asked for a device that cost less than $80.
Evaluation of handheld mirror results now suggest the
device must cost less than a $7 mirror.
reflective essay 11
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Another challenge encountered is regulatory status. It is
not obvious that a product that replaces a handheld
mirror or is made by a student can be classified as a
medical device. Devices that replace at-home examination completed with nonmedical devices can be
considered medical devices. For example, at-home
breast exams are completed to screen for lumps. The
exams are with soap and water to reduce friction
between skin surfaces. A device named the Sensor Pad
is designed to replicate soap and water with two latex
sheets interspersed with a liquid silicone lubricant. The
device was originally released by the manufacturer and
seized by the FDA from hospitals and manufacturing
sites. The device was required to be reviewed and
approved by the FDA (Cimons, 1995). It is important
for engineers and students to determine and follow all
regulations.
Finally, completing the prototype gave me a product to
verify and validate for my graduate-level finite element
analysis class with Dr. Zhuming Bi. Simulating a
user-applied load to the device led me to identify suitable material properties while reducing manufacturing
cost and ensuring user safety. The Solidworks testing on
the mirror prepared me for the Solidworks Simulation
Certification, which I passed. I was able to show the
device can withstand a user sitting on or squeezing the
mirror frame. A scale 3D printed part was used to
validate physical testing with a force gage and user-
applied loadings. I took great pride in presenting this to
my peers. As a finale to my graduate presentation, I held
a small version of the mirror and asked the audience if
they believed it could hold my weight. They were clearly
skeptical. I placed the mirror on the floor with a plate on
top to distribute the load and took a step. Faces lit up and
my presentation closed to applause as I stood safely atop
the printed part.
CONCLUSION
A mirror that provides magnification, allows for hands-
free operation, and enables the patient to measure lesions
with less error has been developed. A hand-held mirror
should not be excluded from use if it is the only tool
available. Additional testing with multiple users will be
performed to account for variations in user weight and
age. Tests with variable available light and different
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prototypes are also ongoing. Far beyond using this
semester-long project as a learning experience, I strive
to have an impact on the community by making a
product that is functional, manufacturable, and
affordable.
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